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ABSTRACT

Many mammalian cells used for the production of biochemicals are
anchorage-dependent. They require the attachment to a compatihle
surface in order to grow. The use of microcarriers enables the
application of stirred tank reactors to the cultivation of
anchorage-dependent mammalian cells as well as the maintenance of
high ratios of growth surface area to reactor volume during
scale-up. However, in the past, several problems have impeded
the 1large-scale operation of microcarrier culture. In this
thesis these problems are examined quantitatively using human
foreskin fibroblasts, FS-4, cultivated on microcarriers.

For the cultivation of mammalian cells on microcarriers, a
minimum  inoculum concentration is required to initiate a
successful culture. Both the growth rate and the growth extent
decrease as the inoculum concentration is reduced. A critical
cell number model is presented to elucidate the mechanism of the
inoculum requirement. In this model it is proposed that after
inoculation a critical number of cells per microcarrier is
required for normal growth to occur, otherwise cell growth is
impeded. This critical cell number model is expressed
mathematically and used to simulate cell distribution and growth
on microcarriers under different cultivation conditions. By
comparing the simulated growth kinetics with experimental
results, the critical cell number per microcarrier was
identified. The critical number could be reduced by employing an
improved medium for cultivation. Additionally, in order to
reduce the inoculum requirement, the microcarrier diameter can be
selected rationally. Applying the results of these analyses, the
inoculum requirement for FS-4 cells was reduced four- to
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five-fold. This gave rise to a sixteen-fold increase in cell
number during batch cultivation.

For the large-scale operation of microcarrier culture to be
successful, 2 technically feasible inoculation method to seed
subsequent microcarrier cultures is essential. This has been
achieved by detaching cells from microcarriers using a high pH
trypsinization technique. The detached cells reattach to new
microcarriers at a higher rate than to used microcarriers on
which cells have previously grown. The effect of this
differential cell attachment was analyzed and overcome by
employing a low inoculum concentration. Cells could thus be
serially propagated on microcarriers and subsequently used for
product formation. A method of optimizing the microcarrier
diameter for serial propagation of mammalian cells on
microcarriers at a low inoculum concentration is presented.

On other engineering aspects, oxygen transfer in microcarrier
culture systems was examined. The rate of oxygen transfer by
surface aeration was improved by more than five-fold with the use
of a surface aerator. The effect of shear force exerted by
agitation on the growth of FS-4 cells was also studied.
Excessive agitation resulted in a decrease in the growth extent.
An integrated shear factor was found to correlate with the growth
extent under different agitation conditions. However, under the
agitation conditions used for microcarrier culture, shear force
is not 1likely to cause a deleterous effect on cell growth in
large-scale operation.

Thesis Supervisor: Dr. Daniel I. C. Wang

Title: Professor of Chemical Engineering
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INTRODUCTION

The development of animal cell cultivation in vitro is far
more recent than that of microbial fermentetion. The use of
perforated cellophane and glass particles for cell cultivation by
Earle et al. (1951) some thirty years ago marked the first
development toward large-scale cultivation of animal cells.
Since then animal cell culture technology has steadily developed.
It is now widely used in the production of many industrially
important biologicals including vaccines, monoclonal antibodies
and interferons. Animal cell culture technology owes much of its
progress to the discovery of antibiotics. By suppressing the
growth of contaminating microorganisms, antibiotics have made much
of the research in cell cultivation possible. Both animal cell
culture and antibiotic fermentaticn were in their infant stage in
the early fifties. While antibiotic fermentation has become a
major biochemical process, and its operation a subject of
numerous scientific and engineering studies, our understanding of
the animal cell culture from a engineering point of view is still
limited.

Many mammalian cells, used for the production of
biologicals, are anchorage-dependent. They need to attach to a
compatible surface in order to grow. Conventionally, -
anchorage-dependent cells are grown on Petri dishes or roller
bottles which are not suitable for large-scale processes. To

contain a large growth surface area in a single bioreactor
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miciocarriers were developed by van Wezel (1967). This
development also allowed stirred tank reactors to be used for
anchorage-dependent cell culture. A subsequent development of
microcarriers of DEAE-Sephadex with a low ion exchange capacity
by Levine et al. (1979), allowed cells to grow on microcarriers
to a high density. However, some problems have impeded the
application of microcarrier cultures to large scale processes.
Some of these problems will be addressed in this thesis.

Most animal cell cultivation 1is practiced in a batch
fashion. Cells are cultivated on a compatible surface to
confluence and then detached from the surface and reinoculated
onto a larger surface area for further multiplication. Two of
the major problems, related to the large-scale operation of
microcarrier cultures, are the requirement for a large inoculum
and the inability to initiate a culture with microcarrier grown
cells.

For microcarrier culture a relatively large inoculum
concentration is required to initiate a batch culture. Failure
to supply sufficient inoculum results in an impeded growth rate
and a reduced growth extent. For normal diploid fibroblasts,
such as FS-4, the inoculum size is often as high as 30 to 40%.
Since only a few fold increase in cell concentration can be
achieved in each propagation step, a large number of
multiplication stages is required to to reach the production
scale. It is desirable to reduce the inoculum cell concentration

to make microcarrier culture an industrially economical process.
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Cells grown on conventional surifaces, e.g. Petri dishes or
roller bottles, can be detached by treatment with proteolytic
agent(s) along with mild mechanical pertubation. These cells are
then used as the inoculum of anbther culture. However, a

technically feasible method for the detachment of microcarrier

growvn cells has not been demonstﬁated, and thus these cells
cannot be wused to inoculate anotﬁer culture. Instead, cells
grown in roller bottles are required for the inoculation of a
microcarrier culture. This problem has been compounded by the
large inoculum concentration required to achieve desirable growth
rates and growth extents. The large number of roller bottles
required for the inoculation of a single microcarrier culture
makes inoculum preparation a prohibitive task, especially in
large scale operations. If the use of microcarriers for
anchorage-dependent cells is to be technically feasible for large
scale operation, a method of direct inoculation from a seed
microcarrier culture is essential.

The application of microcarriers to cell culture is a
relatively recent development. Because of this, until now the
research has been of a largely exploratory nature. Unlike other
areas of biotechnology, in which various optimization strategies
have been developed, most of the operation parameters in
mammalian cell cultivation have not been examined from the
reaction engineering point of view.

The main goal of this thesis is to analyze the above two
problems of microcarrier culture from a quantitative and

mechanistic point of view. The objective is not only to shed
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light on the solutions to those problems, but also to demonstrate
that reaction engineering principles can be applied to mammalian
cell culture technology. Two other important engineering
parameters, oxygen transfer and the effect of shear force on cell

growth were also examined.
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LITERATURE SURVEY

Animal cell culture has long played an important role in
biotechnology. Many valuable biologicals such as vaccines and
interferons are produced by cell culture. However, the
mainstream of biotechnology has always been, and will continue to
be, microbial fermentation. To a large number of scientists or
engineers in biotechnology, the characteristics of animal cells
in culture are often unfamiliar. The first half of this
literature survey is therefore devoted to a short introduction to
biological aspects of cell growth in vitro. The second half

deals with recent progress in cell cultivation on microcarriers.

1. CELL GROWTH IN VITRO

Animal cells are often categorized according to their
anchorage-dependency. Some cells can grow in suspension, such as
lymphocytes, while others such as fibroblasts, epithelial,
endothelial and epidermal cells must attach to a compatible
surface in order to grow. Lastly, there are cells which can grow
either in suspension or anchored to a surface. Most cells in
this third category are transformed and are derived from

anchorage-dependent cell types, such as Hela.
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The first report on the serial propagation of cells dates
back to nearly seventy years ago. Using a trypsin solution, Rous
and Jones (1916) were able to disperse cells from tissue and grow
them in a clot. They subsequently redispersed the cells from the
clot and were able to obtain subsequent growth.

Normal cells exhibit a variety of social behaviors. After
cell attachment, the cells will spread and become elongated in
shape and align with each other in a parallel, polarized fashion.
Abercrombie and Heaysman (1954) showed that both cell movement
and multiplication are inhibited at high cell density. Using
time-lapse photography, they showed that cells cease movement
when they collide with each other. After contact is established,
they do not overlap each other. Thus, a monolayer of cells is
formed when the growth surface is completely covered with cells.
Cells from many different tissues can be cultured in vitro and
subjected to serial passage. However, for normal diploid cells,
the life-span 1is finite. They have only limited replicative
potential in culture. In a study using normal human fibroblast
cells, Hayflick and Moorhead (1961) observed that the final fate
of those cells was death. After explanted from tissues, cells grew
actively for a number of passages but all eventually reached a
period of poor growth called crisis. Cells died subsequent to
crisis. For cells derived from human embryonic tissues,
proliferation is wusually sustained for 40 to 70 population
doublings. During the period of active growth, a very large
increase in cell number can be attained. For example, ten

million cells can be obtained from an embryonic tissue without



PAGE 22

much difficulty. Fourty population doublings would give rise to
a total of 10'® cells or a cell mass equivalent to millions of
people. Thé immense cell number potentially attainable is
abundant for any practical use (Hayflick and Moorhead, 1961).

All normal fibroblasts are thought to be mortal, although
the number of precrisis passages may vary (Hayflick, 1977). 1In
the case of human fibroblast cells, death follows the crisis.
For cells of other species, the outcome subsequent to crisis can
be different. Rodent cells can survive crisis to give rise to
permanent or established cell lines. However, these cell lines
are different from those of a normal tissue. During the period
of active gqrowth, normal fibroblast cells do not show a
significant deviation from the normal karyotype; whereas
chromosome abnormality is observed in most continuous cell lines
(Hayflick, 1977). Sometimes continuous cell lines can give rise
.to tumors when injected into immunodeficient animals. They often
lose the characteristic contact inhibition and grow to form
multilayers. An exception to this generalization 1is the
continuous 3T3 cell 1line (Todaro and Green, 1963). Green and
Todaro proposed that those continuous cell lines are subsets of
cells which survived crisis. Those cells were able to divide
despite confluency. Thus, the establishment of cell lines
involved the unwitting selection of those cells which outgrew
other contact-inhibited cells. They carried out serial
propagation of mouse cells through crisis without even allowing
cells to remain in confluence for a long period, thus avoiding

selecting those cells which have lost contact inhibition. The
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373 cells thus established grew indefinitely in culture but were
sensitive to contact inhibition of cell multiplication. This is
the first fibroblast cell 1line that 1is not spontaneously
transformed.

Cells detached from a surface after trypsinizaticn are
spherical. Cells that are suspended in a viscous fluid to retain
their spherical shape do not divide. Farmer el al., 1978) showed
that mRNA in such cells is stable but untranslatable. Protein
and DNA syntheses are also suspended. Upon attachment to a
compatible surface, cells begin to flatten, or spread out. This
process of spreading is mediated by the copolymerization of
cytoskeleton proteins, including microtubule, microfilaments and
intermediate filements. The recovery of protein synthesis
follows reattachment to a surface as such, whereas mRNA, rRNA and
DNA synthesis, as well as cell growth, require extensive cell
spreading (Ben-Ze'ev el al., 1980). Interestingly, actin, a
major component of the cytoskeleton, is transiated in excess at
the time of cell restructuring after cell attachment (Farmer et
al., 1978). The close correlation between cell shape and
cellular biosynthetic activity is clearly demonstrated in a study
by Folkman and Moscoma (1978). As the cell shape changes from a
sphere to a flattened sheet with an irregular perimeter, the
height of the cells decreases. During this period the cell
shape is affected by the growth cycle and cell density. Cells
become more spherical, thus increasing in cell height, during
mitosis. As they grow to confluence, each cell is laterally

compressed by its neighbors and, thus, cell height also



PAGE 24

increases. Folkman and Moscona used cell height as a measurement
of cell shape and controlled the adhesiveness of the substrate by
coating the plastic surface with varying concentrations of poly-
(2-hydroxyethyl methacrylate) (poly(HEMA)). Cells exhibit their
minumum height on the surface of maximum adhesiveness, in this
case, the plastic surface without poly(HEMA) coating. The cell
height decreases with increasing concentration of poly(HEMA) on
the surface. The whole population plated on a surface could
therefore be maintained at the same degree of spreading. Using
H®-thymidine incorporation as an index, they found cell shape to
be tightly correlated to DNA synthesis. The flatter the cells,
the more active was the synthesis of DNA. Even more striking was
that, whenever the cell heights of two cultures were the same,
normal diploid cells which were plated sparsely on a surface of
controlled adhesiveness incorporated an amount of H3-thymidine
similar to that of confluent cells on the surface of maximum
‘adhesiveness. Cell shape thus plays an important role in the
growth control.

Cultured cells, even in spherical form in suspension, are
not just droplets of cytoplasm surrounded by lipid-bilayers.
Their shapes are determined by a subcellular protein lattice or
cytoskeletal framework. The change in cell shape during growth
and migration is achieved by the polymerization and
depolymerization of the cytoskeletal proteins. These proteins
can be visualized by electron or 1light microscopy. The
relationship between cell shape and the cytoskeleton is very well

illustrated in a study by Ben-Ze'ev et al. (1979). After cells



PAGE 25

are lysed and soluble proteins and lipids are extracted, the
cytoskeleton framework remains as a fibrous network which can be
visualized by scanning electron microscopy. The fibrous,
meshlike framework  bears remarkable resemblences in cell
morphology to intact cells. This 1is true for both flat
fibroblasts and for spherical cells in suspension. Using
radioiodination to label proteins external to cell surface before
cell extraction, Ben-Ze'ev et al. showed that most proteins
labelled externally remained on the surface sheet of the
cytoskeletal frame work. Thus, the proteins on the external face
of the lipid-bilayer are associated with cytoplasmic
macromolecules.

In many cells, external to the membrare is a Structure
loosely called the extracellular matrix. The exact composition
of the extracellular matrix is still to be elucidated but it has
been found to be composed of glycosaminoglycan, protecglycans
(Culp et al., 1979) and glycoproteins, among them fibronectin
(Chen et al., 1978). It was reported that a serum factor is
required for cell attachment to substrate (Klebe, 1974). That
serum factor is now believed to be fibronectin (for review, see
Yamada and 0Olden, 1978). Using the antiserum specific for
fibronectin, it can be shown that fibronectin exists as
filamentous arrays over and under cells (Hynes et al., 1976). A
large portion of these fibrils bridge between cells and lie
between cells and substrate (Chen et al., 1976). After cells are
detached from a substrate, fibronectin is left behind in the

fibrils attached to the substrate (Hynes el al., 1876). Cells
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adhering to the substrate rest upon the fibronectin-containing

extracellular matrix.

For anchorage-dependent cells, a wettable surface is
required for attachment to occur. Historically glass, which is
wettable and contains negatively charged silicate or borate
groups, was used as the culture surface. Presently, plastic
surfaces which have been irradiated to give rise to negatively
charged groups are most widely used (McKeehan et al., 1981). The
most commonly used devices for anchorage-dependent cell growth
are Petri dishes and roller bottles. These devices provide
only a small growth surface area per unit vessel volume. They are

not suitable for large scale cultivation of cells.

I11. CELL CULTIVATION ON MICRDOCARRIERS

One of the most difficult problems hampering the
commercialization of animal cell culture and its wide application
for the production of biologicals is the inability to produce
easily the large numbers of cells needed for product formation
(Keary and Burton, 1979; van Wezel, 1981). The number of roller
bottles required for large scale production of cells is
staggering. ~ Several attempts have been made to develop new
systems for large scale operation. The major focuses have been

on increasing the growth surface area per unit vessel volume and
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on implementing convenient environmental control strategies. The
devices developed toward these ends have been reviewed by Keary
and Burton (1979) and Levine et al. (1979). One of the most
promising advances in the field of cell culture technology has
been the use of microcarriers, originally described by van Wezel
(1967). van Wezel used the commercially available ion-exchange
resin DEAE- Sepadex A50 as a support for anchorage-dependent
cells. After pretreatment with nitrocellulose to diminish the
apparent toxicity, the beads were capable of supporting the
growth of monkey kidney primary cells. This development allowed
the use of stirred tank reactors for anchorage-dependent cell
cultures. However, the original microcarriers developed by van
Wezel suffered from an apparent toxic effect. When the
microcarrier concentrations were increased tc a few grams per
liter, cell growth wusually deteriorated. Levine et al.

(1979) synthesized DEAE-Sephadex beads with a lower ion exchange
capacity. In the vicinity of 2.0 miliequivalents of DEAE per
gram of dry Sephadex dextran, the microcarrier concentration can
be increased several fold without the loss of cell viability or
the appearance of any apparent toxicity. This in turn allowed
cells to be grown in these microcarrier culture systems to a
higher cell density. Microcarrier cultures have distinct
advantages over conventional systems. These include a high ratio
of growth surface area to reactor volume and a homogeneous
environment, since one vessel replaces a large number of smaller
ones. Another advantage is the potential for automatic

environmental control, making large scale operation possible.
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Since the introduction of controlled-charge microcarriers
by Levine et al. (1979), there have been several studies on the
application and the characterization of the microcarrier system.
However, a dgreat proportion of the publications were papers
presented in scientific meetings and very little information
regarding experimental conditions are available. Besides
DEAE-Sephadex beads, many other types of microcarriers have
been reported, including polyacrylamide beads (Mitchell and Wray,
1979; Reuveny et al. , 1983), polystyrene beads (Johansson and
‘Nielsen, 1980; Kuo et al., 1981), hollow glass beads (Varani et
al. , 1983), cylindrical cellulose beads (Reuveny et al. ,
1982) and fluorocarbon droplets stablized with polylysine (Keese
and Giaever, 1983). At present, DEAE-Sephadex-based
microcarriers are those most widely used in the published
literature. DEAE-polyacrylamide beads have been used in large-
scale cultivation of cells (Feder and Tobert, 1983). .Cylindrical
cellulose derivatized with DEAE-charged groups supports the
growth of chick embryonic fibroblasts in the form of
cell-microcarrier aggregates, but does not support the growth of
normal diploid cells (Reuveny et al. , 1982). Only preliminary
results are available for fluorocarbon-, hollow-glass and
polystyrene-based microcarriers. Both glass and polystyrene are
used in convedtional cultivation vessels. Polylysine can promote
cell attachmebt and improve clonal growth of cells ( McKeehan et
al. , 1976). ghll of these types of beads may prove to be useful
as microcarriérs. Further studies are necessary to test their

abilities to support the growth of a wide range of cell types and
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to support product formation. One disadvantage of both
polystyrene and glass beads is the light-reflecting
properties of their surfaces, thus making microscopic examination
of cell behavior difficult.

Microcarrier culture has been sucessfully applied to the
cultivation of many cell types, including normal diploid
fibroblasts (Levine et al. , 1979), epithelial cells such as
Vero (Mered et al.,1980), and endothelial cells (Davies and Kerr,
1982). It has also been used in the production of vaccines for
foot-and-mouth disease virus (Spier and Whiteside, 1976;
Meignier, 1979), poliovirus (van Wezel et al. , 1979), and
Herpes Simplex virus (Griffiths et al. , 1982) as well as in
the production of p-interferon. At present, the chief area of
application of cell culture is in the production of viral
vaccines, e.g. killed poliomyelitis virus vaccine (van Wezel,
1981). Killed poliomyelitis vaccine 1is currently produced in
primary monkey kidney cell culture at a cost which is greater
than can be afforded by the nations which need it most (Hilleman,
1979). The cost of vaccine production can be greatly reduced by
the use of a proper cell type in 1large scale microcarrier
culture. For the production of proteins using genetically
engineered cells, microcarrier culture is certainly one of the
better systems for such large scale operation. However, some
problems have to be overcome before large scale cultures can be
implemented.

One of the most pressing problems has been the inability to

inoculate a culture vwith a seed microcarrier culture, thus making
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it necessary to inoculate with cells from roller bottles. The
large number of roller bottles required for inoculation renders
the inoculum acquisition a prohibitive task for large scale
operations. In the study of tumor-associated oncornaviruses,
Manousos et al. (1€80) observed that a human rhabdomyosarcoma
cell 1line grown on microcarriers could be detached after being
exposed to Enzar-T, a commercially available protease mixture, or
pronase, but not after exposure to trypsin. They also studied
the growth of a human polyploid cell line chronically infected
with cat virus in microcarrier culture. It was claimed that the
addition of bare microcarriers to the culture allowed further
cell proliferation on the newly added microcarriers. The
kinetics of cell growth under such conditions were not, however,
presented in that study; it is unclear how applicable those
results are to other cell types. It is interesting to note that
the medium used in that study was RPMI 1640, which is typically
used for cell growth in suspension culture. The medium RPMI 1640
has a lower calcium concentration (0.43 mM) than DME medium (1.8
mM) , which is widely used in the cultivation of
anchorage-dependent cells. Calcium is implicated in cell-cell
and cell-substrate binding, although the actual mechanism has not
been elucidated (Morton, 1980). Depletion of calcium aids in
cell dissociation with trypsin (Waymouth, 1974).
Using a medium which was low in calcium concentration (0.21

mM), Crespi and Thilly (1981) were able to allow cells to
transfer to and grow on added bare microcarriers. This technique

was applicable to two cell lines tested. One of them, Chinese
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hamster ovary cells (CHO-Kl1), is capable of growing whether in
suspension or attached; the other, monkey kidney cells
(LLC-MK2), is a continuous, anchorage-dependent cell line. The
most significant advantages of this technique are its simplicity
and lack of requirement of trypsinization. However, calcium is a
critical factor for cell growth. A reduction in calcium
concentration can have a profound effect on the growth of many
cell types. The concentration of calcium which gives rise to the
maximum growth stimulatory effect is often in the vincinity of,
or higher than 1 mM (Morten, 1980). 1In the study of clonal
growth of both human diploid fibroblasts and chick embryo
fibroblasts, McKeehan et al. (1981ib) found that cell growth
improves with increasing calcium concentration wuntil the
precipitation of calcium phosphate occurs at about 3 mM of
calcium. For chick embryo fibroblasts, at a calcium
concentration of 0.2 mM, the level used by Crespi and Thilly,
the growth extent 1is only 30% of the maximum. Thus, the
tolerances of the two cell types shown above, especially of the
anchorage-dependent LLC-MK2 cells, and the continual propagation
in low calcium medium are probakly an exception rather than the
rule. Another factor of consideration in using the low calcium
technique is the cell distribution on microcarriers. Cell
distribution on microcarriers can affect the observed growth
rate. Those <carried-over microcarriers having more cells
are likely to reach confluence at an earlier stage than the newly
added fresh beads. The actual rate may thus be lower than what

is desired. The significance of the effect on the observed
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growth rate is dependent on the rates of cell detachment, as well
as reattachment, for both covered and newly added microcarriers.
This technigue will probably be useful for cell lines which grow
to form multilayers and detach from the substrate readily when
cell density is high. This would be for cells such as CHO and
the tumor 1lines used in the previously mentioned study by
Manousos et al. (1980).

In a recent publication, Feder and Tolbert (1983) reported a
succesful detachment of human foreskin cells grown on
polyacrylamide-based microcarriers. Using a settling tank,
microcarriers were allowed to settle and to form
cell-microcarrier aggregates. it was observed that cells could
be detached from these aggregates after trypsinization. However,
the experimental procedure and the results were not presented in
their report. This technigque may prove to be useful provided
nutritional 1limitations during sedimentation will not be
deteimental to the cells.

For many cell types, especially normal diploid cells, the
requirement to prepare the inoculum from roller bottles has
further complicated the task of initiating microcarrier cultures.
Requirements of minimum inoculum concentration were observed for
Vero (Mered et al., 1980) and FS-4 cells (Giard and Fleischaker,
1981) in order to achieve maximum growth rate and maximum growth
extent. Decreasing the inoculum cell concentration resulted in a
slower growth rate as well as a decreased growth extent. For
FS-4 cells the large inoculum requirement resulted in a maximum

achievable increase in cell number of only three- to four-fold in
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a batch culture. Mered et al. also observed that the required
inoculum concentration was affected by microcarrier
concentration. In this study a cell density of 20,000 cells/cm?
wvas reported optimal for Vero cells, but the reason for this was
not addressed.

Oxygen, due to its low solubility, is often the limiting
nutrient for the growth of microorganisms or animal cells in
culture. Continuous sparging of air into liquid has been used in
~the cultivation of cells grown in suspension (Acton and Lynn,
1977), but this 1is not a common practice in cell culture. 1In
most cases, oxygen is supplied by surface aeration. Telling and
Radlett (1970) reported that oxygen supply was the limiting
factor in the cultivation of baby hamster kidney cells grown in
suspension. Even with pressurized pure oxygen in the headspace,
the dissolved oxygen level in the bulk liquid was still below the
optimal 1level for growth. Continuous mild sparging with air was
found to be detrimental to these cells. Since the ratio of
interfacial surface area to liquid volume decreases as reactor
volume increases, the limitation of oxygen transfer will be more
pronounced in large scale operation. In the study of chick
embryo fibroblast cultivation on microcarriers, Sinskey et al.
(1981) reported a decrease in maximum growth extent when the
culture volume was increased from 100 ml to 1000 ml. The
reduction in growth extent was attributed to oxygen transfer
limitations in the one-liter culture. The use of gas-permeable
silicone rubber tubing to increase the oxygen transfer area was-

proposed. Using silicone rubber tubing as an oxygenation system,
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Fleischaker and Sinskey (1981) demonstrated that human foreskin
cells, FS-4 could be cultivated in a seven-liter microcarrier
culture without oxygen transfer limitation.

Another parameter sensitive to scale-up is the shear force
exerted on the cells by fluid flow. 1In the scale-up of mixing
processes, the maximum shear rate increases with impeller
diameter at a constant impeller speed, while the average shear
rate remains about the same at a given impeller speed regardless
of impeller size (Oldshue, 1966). Using shear-sensitive protozoa
as a model system, Midler and Finn (196€) found that extensive
shear caused cell disruption. Their data showed a correlation
between cell survival and impeller tip speed. Neither the
Reynolds number nor the power input per unit volume seemed to be
appropriate parameters. In microcarrier culture, the effect of
shear force has not yet been extensively studied. Sinskey et al.
(1981) studied the effect of shear force on the growth of chick
embryo fibroblasts and subsequent use for virus production. It
was found that the initial cell attachment was more shear
sensitive than the subsequent growth. Both cell growth extent
and virus productivity were impeded by extensive agitation. A
parameter (integrated shear factor) based on the ratio of
impeller tip speed to the tip-to-wall clearance was found to
correlate with growth extent. At the agitation rate required to
suspend microcarriers, the integrated factor is much lower than
the value which is detrimental to cells. Furthermore, the power

requirements necessary to suspend slurries decrease with
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increasing scale (2wietering, 1958); it was therefore concluded

that excessive shear was unlikely to occur in large scale cultures.

Biotechnology is a rapidly progressing field. 1Its many
impacts on our society cannot be overemphasized. Animal cell
culture has 1long played a unique role in the biochemical
industry. However, its potential role in biotechnology
has only begun to be exploited. Whether animal
cell culture will play a crucial role in the biotechnology
industry is not only determined by the applied biologists who
design the organisms but also by the engineers who have to

overcome the many problems posed during cell culture.
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MATERIALS AND METHODS

CELLS AND CELL CULTURE

Human foreskin fibroblasts, FS-4, were obtained from Dr. J.
Vilcek of the New York University, School of Medicine, New York,
New York and deposited at the Cell Culture Center, Massachusetts
Institute of Technology. Cells were passaged and maintained in
one liter roller bottles (490 cm2) at 37 °C. One confluent
roller bottle was used to inoculate four other roller bottles at
each passage. The cells were frozen at passage number twelve in
Dulbecco's Modified Eagle's (DME) Medium supplemented with 10%
dimethylsulfoxide (DMSO) and 5% fetal calf serum (FCS). The
frozen cells were thawed and propagated to passage number
seventeen to nineteen prior to experimental use. The growth
medium for newly passaged cells was DME supplemented with 5% FCS
and 5% calf serum (CS). The compositin of DME is shown in Table
I-1. FS-4 cells were maintained in a rcller bottle for up to six
weeks after having been inoculated from the previous passage.
The medium was replenished weekly with DME supplemented with 2%
FCS and 8% newborn calf serum (NCS). The continuous monkey
kidney cell 1line, Vero, was obtained from Flow Laboratories
(McLean, VA). The cultivation conditions were the same as those
for FS-4 cells except that the DME medium was supplemented with

10% horse serum (HS) and each confluent roller bottle was used to



Table I-1, Composition of Media DME and F-12

Component DME (mq /L) F-12(ma/L
Caégz" 26'57‘3Z ___334251 :

CuS0,5H,0 -—- 0.00249
Fe(N03)3.9H20 0.10 -
FESO4.7H20 === 0.834
KC1 400 224
MgCl, -— 57.2
MgSO, 97.7 -
NaCl 6400 7600
NaHCO, 3700 1176
NaH2PO4.H20 125 -
Na,HPO, -— 142
D-Glucose 4500 1802
Hypoxanthine -—- 4,10
Linoleic acid - 0.084
Lipoic acid --- 0.21
Phenol red 15.0 1.20
Putrescine 2HC1 -—— 0.161
Sodium pyruvate === 110
Thymidine § =—- 0.73
L-Alanine -——— 8.90
L-Asparagine.H,0 -—= 15.0
L-Arginine.HCl 84.0 211
L-Aspartic acid -—— 13.3
L-Cystine " 48.0 25.0
L-Glutamic acid -——- 14.7
L-Glutamine 584 146
Glycine 30.0 7.51
L-Histidine HC1.H,0 42.0 21.0
L-Isoleucine 105 3.94
L-Leucine 105 13.1
L-Lysine HC1 146 36.5
L~-Methionine 30.0 4.48
L-Phenylalanine 66.0 4,96
L-Proline - 34.5
L-Serine 42.0 10.5
L-Threonine 95.0 11.9
L-Tryptophane 16.0 2,04
L-Tyrosine 72.0 5.40
L-Valine 94.0 11.7
Biotin - 0.0073
D-Ca pantothenate 4,00 0.480
Choline Chloride 4,00 13.960
Folic acid 4,00 1,30
i-Inositol 7.20 18.0
Nicotinamide 4,00 0.037
Pyridoxal HC1l 4,00 0.062
Riboflavin - 0.40 0.38
'Thiamine HC1l 4,00 0.340

Vitamin B12 - 1.36

PAGE 37



PAGE 38

inoculate eight new roller bottles per passage. All media used
were supplemented with penicillin G (100 wunits/ml) and

streptomycin (100 »g/ml).

PREPARATION OF MICROCARRIERS

Microcarriers vwere prepared by the procedure of Levine et al.
(1979) with some modifications. The desired bead size was obtained
by sieving Sephadex G-50-80 or G-50-150. The microcarriers
regularly used in this study were Sephadex beads having diameters
from 53 to 75 x. Larger Sephadex beads of diameters ranging from
of 90 to 105 , were also used in this work.

Diethylaminoethylchloride-hydroxychloride (DEAE.C1-HC1)
(Sigma Chemical Co., St. Louis, MO) was first recrystalized from
methylene chloride before being used to prepare the DEAE-Sephadex
beads. To prepare charged microcarriers, 40g of sieved dry
Sephadex bceads were suspended in 480 ml of distilled water and
placed in a two-liter round-bottom flask. Two hundred and forty
ml of 2 M DEAE.HCl were added and the temperature of the reaction
mixture was increased to 50°C by rotating in a water bath. After
30 minutes, the reaction was started by the addition of 240 ml of
prevarmed 3 N NaOH. The reaction was carried out at 50°C by
rotating the round bottom flask in a water bath. The reaction
was allowed to proceed for one hour, and then quenched by the

addition of one liter of distilled water. The beads were poured
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into two 2-liter sintered glass funnels and were washed with 20 1
of water followed by 12 1 of 0.1 N HCl and 24 1 of 0.0001 N HCl.

The charge density of microcarriers was quantified
immediately after the washings. To measure the charge density,
the microcarriers were washed with 10% (w/w) sodium sulfate (75
ml/g Sephadex G-50) and the effluent was collected. The effluent
was then titrated with 1.0 N silver nitrate in the presence of
potassium chromate indicator. Microcarriers prepared by this
procedure typically have an ion exchange capacity of 1.8 to 2.1
meq/g dextran.

To prepare a microcarrier stock suspension, titrated
microcarriers were washed with 25 volumes of distilled water
followed by 40 volumes of calcium- and magnesium-free phosphate
buffer saline(PBS). Washed beads were resuspended in PBS at 10
g/l, autoclaved, and maintained under sterile conditions urtil

use.

MEASUREMENT OF MICROCARRIER DIAMETER

To measure the microcarrier diameter, the beads were
suspended in PBS, placed onto glass slides and photographed at
100X magnification using an inverse microscope. A microscope
ocular containing a micrometer {American Optics, NY) was used to
measure the microcarrier diameter directly. The distribution of

microcarrier diameters was obtained by either direct measurement
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of the photographic prints or by an image processor (Magiscan) at
the Center for Materials Science and Engineering at M.I.T. The
number of microcarriers per milliliter was determined by direct
counting using a grid glass plate. The median diamter of the
microcarriers regularly used in this thesis varied from 170 to
185 , in different separately prepared lots. The number of

microcarriers per unit weight ranged from 4200 to 4600 per mg.

TITRATION OF MICROCARRIER CHARGE AS A FUNCTION OF PH

The procedure for titration of the charge of an ion
exchanger at different pH values was described by Helfferich
(1962). One gram of microcarriers in 100 ml of PBS 'was
transferred to a sintered glass funnel and washed three times
with 50 ml of a 1 N NaOH solution, followed by 50 ml of 0.15 N
NaCl and transferred to a beaker. The microcarrier suspension was
titrated with 0.1 N HCl with stirring. After each addition of
0.2 ml of the 0.1 N HC1 solution, pH of the microcarrier
suspension was allowed to stabilized befor it was measured with a

pH meter.
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CLONAL GROWTH ON PLTRI DISHES

The procedure for clonal growth on Petri dishes was
described by McKeehan et al. (1977). Cells were harvested from
monolayer Petri dish cultures by trypsin treatment as follows:
growth medium was first removed and cells were washed two times
with a saline solution composed of 30 mM
N-2-hydroxy-ethylpiperazine-N'-2-ethane sulfonic acid
(HEPES)-NaOH buffer (pH 7.4), 4 mM glucose, 3 mM KCl, 130 mM
NaCl, 1 mM Na,HPO,.7H,0 and 0.0033 mM phenol red. Cells were
then treated with a solution of 0.2% trypsin and 0.01% EDTA in
PBS for 5 minutes and then dispersed. The dispersed cells were
diluted in growth medium. The cell concentration was determined
by counting with a hematocytometer and the suspension diluted to
the desired concentration for inoculation. Each Petri dish (6 cm
in diameter) was inoculated with 600 cells in 3 ml of medium. The
dishes were incubated for 14 days in a carbon dioxide incubator
saturated with water wvapor. The gas phase carbon dioxide
conceﬁtration used was 10 % for growth medium DME, 5 % for F-12
and 7.5 % for DME/F-12 (50:50) mixture. The composition of F-12
is shown in Table 1I-1. At the end of incubation, dishes were
washed once with 3 ml PBS and stained with 0.1 % (w/v) crystal
violet. Excess stain was washed away with PBS and the dishes

were allowed to dry.
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MICROCARRIER CULTURES

Unless oﬁherwise noted, microcarrier cultures were seeded
from roller Dbottle stock cultures. Two days prior to
inoculation, cells from each roller bottle were trypsinized and
inoculated into two seed roller bottles.

The 100 ml culture studies were carried out in spinner
vessels (Wilbur Scientific 1Inc., Boston, Mass) containing a
suspended magnetic impeller (0.8 cm x 4 cm) in a 250 ml flask
(diameter 5.5 cm). The impeller was placed 1 cm above the bottom
of the flask to avoi.d destruction of the microcarriers by shear.
The spinner flasks were siliconized with 1% Prosil (VWR Sci. Co.)
prior to use to prevent microcarriers sticking to vessel walls.

Unless otherwise specified, the medium used for
microcarrier culture was DME. For FS-4 cells, the medium was
supplemented with 5% FCS and for Vero cells, with 10% horse
serum. A microcarrier concentration of 5 g/1 was normally used.
To prepare a spinner culture, 0.5 g of microcarriers in PBS were
allowed to settle and were washed twice with 30 ml of medium
without serum. The microcarriers were then reconstituted to 80
ml with serum-supplemented medium and transferred to the spinner.
Spinners were placed in a humidified carbon dioxide incubator to
allow the temperature to equilibrate before cells were
inoculated.

The inoculum was obtained by trypsinizing cells from seed

roller bottles using 0.2% trypsin in PBS with 0.02% ethylenediamine-
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tetraacetic acid (EDTA). Cells were pelleted by centrifugation

at 800xg for ten minutes. The pelleted cells were resuspended in
the culture medium and the viable cell concentration was
determined by the dye erclusion method using a hematocytometer.
The dye employed was 0.1% trypan blue in PBS. The volume of the
inoculum was then increased to 20ml with the prewarmed medium and
inoculated into the microcarrier suspension. An agitation speed
of 65 to 75 rpm was used.

For the cultivation of FS-4 cells, 50% of the culture
medium was removed and replenished with fresh medium on the third
day. For those experiments which lasted longer than six days,
additional 50% medium changes were performed on the sixth and
eighth days. More frequent medium change was necessary for Vero
cells. The first 50% medium change was performed about sixty
hours after inoculation. After the fourth day, the medium was
changed every day.

For studies involving larger diameter microcarriers, the
impellers of the spinners were modified. Two 45 degree pitched
blades (2.2 x 2.2 cm) were installed onto the paddle to allow a
lowzr agitation rate (45 rpm) to be used.

The 500 ml cultures were carried out in cone liter vessels.
A schematic diagram of the 1L vessel used in this study is shown
in Figure 1I-1, Eighty cm of silicone rubber tubing (0.058 in.
i.d., 0.077 in. o.d., silastic tubing, Dow Corning) were placed
in the vessel. A surface aerator was used for the cultivation of
Vero cells to improve oxygen transfer. For FS-4 cells, the

dissolved oxygen 1level could be maintained above 40% of the
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Figure 1I-1. One Liter Vessel with the Surface Aerator for
Microcarrier Culture. The dimensions are described in the
Figure. (A): pH electrode, (B): dissolved oxygen electrode, (C):
surface aerator, (D): impeller with two 45 degree pitched blades,

(E): silicone rubber tubing, (F): air inlet, (G): air outlet.
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saturation level with air without the use of silicone rubber
tubing. In the DME medium, the pH of the culture ranged from
7.15 to 7.35 for FS-4 cells and from 7.00 to 7.35 for Vero cells.
However, when the DME/F12 mixture was used for the FS5-4 cells, pH
decreased significantly in the absence of pH control. For those
experiments, pH was controlled by activating a controller
allowing air to pass through silicone rubber tubing, reducing the
dissolved CO, cdncentration. The air flow rate through the
silicone rubber tubing was about 100 ml/min.

Cell growth was monitcred according to the method reported
by van Wezel (1967) and based on the original technique of
Sanford et al. (1949). A 2 ml sample was withdrawn from a
" well-mixed spinner vessel and then centrifuged at 500xg for three
minutes. The supernatant was removed and the pelleted
microcarriers were resuspended in 2 ml of 0.1% (w/w) crystal
violet in 0.1 M citric acid. After incubation for one hour at 37
°C, the suspension was sheared using a Pasteur pipette to detach
the nuclei from the microcarriers. The stained nuclei were then

counted in a hematocytometer.

CELL ATTACHMENT TO MICROCARRIERS

The cell attachment experiment was performed in 250 ml
spinner flasks. For each spinner flask, 0.5 gram of

microcarriers was added to 60 ml of medium. The microcarrier
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suspension in the spinner was placed in an incubator to allow the
pH and temperature to reach 7.3 to 7.4 and 37 °C respectively. A
cell suspension in 40 ml medium was added to the microcarrier
suspension and the mixture was agitated at 65 rpm. To measure
the kinetics of cell attachment, the microcarriers were allowed
to settle and the the supernatant was carefully withdrawn for

cell enumeration with a Coulter counter.

MEASUREMENT OF OXYGEN CONSUMPTION RATE

A 50 ml flask containing a suspended magnetic stirring bar
and a dissolved oxygen probe wac used to measure the oxygen
consumption rate of cells. When the flask was filled with
liquid, no head space or air bubbles remained inside the vessel;
thus no transfer of oxygen into the liquid was possible during
the measurement. The change in the dissolved oxygen
concentration was therefore due to consumption by cells. To
measure the oxygen consumption rate, cells on microcarriers were
withdrawn from the culture vessel and the dissolved oxygen level
of this suspension was raised to nearly saturation with air by
shaking gently and then placed into the 50 ml flask described
above. The flask was then filled with medium to eliminate the
remaining head space and then agitated at 65 rpm. The decrease in

the dissolved oxygen level was recorded. The oxygen consumption
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rate was calculated as the rate of decrease in dissolved oxygen

divided by the cell concentration in the flask.

MEASUREMENT OF OXYGEN TRANSFER COEFFICIENT

The oxygen transfer coefficient for the one-liter vessel
was measured both with and without the surface aerator. The
measurement was carried out with 500 ml of PBS at 37 °C. The
dissolved oxygen in the PBS was first depleted by sparging with
nitrogen gas. Air was then introduced to the head space and the
change in dissolved oxygen concentration in the PBS recorded.
The volumetric oxygen transfer coefficient (K, ,a) was determined
by measuring the slope of the plot of 1n(C*-C_) as a function of
time. In the above, a is the interfacial area per unit volume
(ecm~' ) of liquid; K_ is the mass transfer coefficient (cm/sec);
C* 1is the dissolved oxygen concentration at equilibrium with
air(mmoles/ml); and C,_ is the dissolved oxygen concentration in

the liquid (mmoles/ml).

MEASUREMENT OF TRYPSIN ACTIVITY

The proteolytic activity of trypsin was measured with a

chromogenic substrate, azocollagen (azocoll). The azocoll (Sigma



PAGE 49

Chemical Co.) was prepared at 10 mg/ml in 30 mM buffer of
different pH's. The trypsin solutions at various pH's were prepared
by diluting ten-fold concentrated solution in 30 mM HEPES
buffer. The trypsin concentration was 0.2%. To perform the
assay, 4ml of the trypsin solution were added into each test tube
containing 4 ml of substrate solution at the same pH. The
mixture was incubated at 37 °C for 15 min. One ml of sample was
withdrawn periodically. After filtering through filter paper,
the color intensity of the filtrate was read on a

spectrophtomecer (520 nm).

DETACHMENT OF CELLS FROM MICROCARRIERS

To trypsinize cells from microcarriers, microcarriers were
first withdrawn from a spinner flask and placed in a 250-ml
plastic centrifuge tube. After the supernatant medium was
removed, cells and microcarriers were washed extensively with 30
volumes (ml/ml beads) of PBS. The trypsin solution was prepared
by diluting a ten-fold concentrated stock solution in a saline
solution composed of 30 mM HEPES buffer, 4 mM glucose, 3 mM KCl,
130mM NaCl, 1mM Na,HPO, and 0.0033mM phenol red (McKeehan et al.,
1977). The diluted trypsin solution contained 0.2% trypsin and
0.01% EDTA. The trypsin solution could also be prepared in PBS

with pH adjustment. The pH was adjusted with 2 N NaOH to 8.9 to
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9.0. Later in the study, solutions of pH 8.2 to 8.4 were also
used to detach cells successfully.

The trypsinization was carried Iout in a sintered glass
funnel (50 ml) or in a chromatographic column (2.5 x 10 cm)
(Biorad Co., NY) to facilitate the removal of excess trypsin
solution. To each 10 ml of washed microcarrier pellet, 50 ml of
trypsin solution were added. The microcarrier suspension was
then transferred to the sintered glass funnel or the
chromatographic column and the microcarriers were allowed to
settle and the excess trypsin to flow through the bed formed by
microcarriers. A portion of the microcarriers was withdrawn
periodically for microscopic examination. After cell shape
became more spherical, the residual trypsin was removed by
suction from the top of the microcarrier bed. When a low
multiplication ratio (lower than four) was used, the cells and
microcarriers were washed with one volume of DME supplemented
with 5% FCS (or 10% HS for Vero cells) to remove residual trypsin
from the microcarriers. When a high multiplication ratio was
used, the amount of trypsin carried over to the next cultivation
step was small, and the last washing with serum-containing medium
was therefore omitted. The duration of trypsinization varied
from 3 to 10 min. depending on the pH used. 1In all cases
studied, the morphological change was used as the criterion
rather than the duration of trypsinization.

After trypsinization, microcarriers were suspended in
prewarmed medium. Cells thus treated could be detached by

repeated pipetting if the volume to be handled was small. For
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larger volumes, the microcarrier suspension was poured through a
30 cm high, 1.5 cm diameter column packed with glass beads having
a diameter of about 3 mm. The bed height of glass beads was 20
cm. Typically more than 90 % of the cells on the beads were
released under such conditions. If a significant portion of
cells remained attached, the microcarrier suspension was
repeatedly passed through the column. The cell suspension along
with the used microcarriers was then inoculated into a new
culture vessel. The inoculation procedure was the same as
described in the microcarrier culture section of Materials and
Methods. Under the conditions used, cells reattached to

microcarriers within half an hour after inoculation.

VESICULAR STOMATITIS VIRUS (VSV) PRODUCTION

The production of VSV as described by Giard et al. (1977)
was achieved using a 500 ml culture of Vero cells in a one liter
vessel. The multiplicity , defined as the ratio of viral plague
forming units (PFU) to cell number, used for the infection was
0.1. Before the addition of VSV, microcarriers were allowed to
settle and 250 ml of the medium were remqved to reduce the
culture volume. After the addition of VSV, the pH of the
microcarrier suspension was decreqsed to 6.8 by the addition of
CO,. In the following one hour period, pH was maintained between

6.5 and 6.8. and the culture was agitated only occasionally,
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about one minute in every ten to allow viruses to adsorb onto the
cells. Subsequently, 250 ml of medium were added to bring the
culture volume back to 500 ml. The pH was readjusted to 7.3 and
the agitation resumed. A 5 ml sample was withdrawn
periodically for the titration of the virus concentration. The
samples were centrifuged at 1,000xg at 4 °C for 10 minutes to
remove cell debris. The supernatant was frozen at -20°C until

plaque assays were performed.

VIRUS PLAQUE ASSAY

The VSV concentration was titgated by the plague assay,
using secondary chick embryo fibroblasts. Ten-day-old chick
embryos were used to establish the primary culture. Two days
prior to the plagque assay, confluent primary chick embryo
fibroblasts were trypsinized and inoculated to 6 cm diameter
Petri dishes to start secondary cultures. The medium used was
DME supplemented with 1% chick serum, 2% tryptose phosphate broth
and 1% calf serum.

To perform the plaque assay, the medium of the confluent
secondary cultures on Petri dishes was first removed. Serial
ten-fold dilutions were made with each sample and 0.2 ml was
inoculated onto each dish. Each sample was assayed in duplicate.
The virus was allowed a one-hour adsorption period at 37°C, in a

humidified 10% CO, atmosphere. After adsorption, 2 ml of 1%
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Noble agar at 40 °C were mixed with 2 ml of two-fold concentrated
DME medium supplemented with 10% FCS at 37 °C and overlayed onto
each dish and the dishes were then incubated at 37 °C for two
days. Plagues were scored after the dishes were stained with

1:2,500 dilution of neutral red solution.

INTERFERON PRODUCTION

The procedure for interferon production has been described
(Giard et al., 1981) based on the original procedure of Havell
and Vilcek (1972). This procedure involves three stages:
priming, induction and production.

The priming was carried out 37 °C. FS-4 cells on
microcarriers were first washed two times with DME without serum,
and then resuspended in DME supplemented with 1% FCS. The cell
concentration was between 1.0 and 1.2 x 10€ cells/ml. After the
addition of fibroblast interferon at a concentration of 50
units/ml, the priming was allowed to proceed for sixteen hours.

To start induction, cells were first washed twice with DME
without serum. The induction was carried out in DME without
serum and at 34°C. The inducer, poly I.poly C (PL Biochem. Co.,
Milwakee, WI), was added at 50 pg/ml together with 10 xg/ml of
cycloheximide (Sigma Chem. Co.). After 4 hr of incubation at 34°C,
actinomycin D (Sigme Chem. Co.) was added to give a

concentration of 1 ug/ml. After 2 hr of further incubation, the



PAGE 54

medium was removed and the cells washed twice in DME and
subsequently resuspended in the production medium.

The production medium was DME supplemented with 0.5 %
plasmanate. The initial temperature was 37°C. After one hour,
the production temperature was shifted to 30°C. The supernatant
was collected and fresh medium added after 24 hr. At 48 hr, the
medium was collected again and the microcarriers were discarded.
The culture fluids were centifuged at 1000xg for 10 min and the

supernatant frozen at -70°C until assayed for p-interferon.

INTERFERON ASSAY

The assay of the inhibition of virus-induced cytopathic
effect (CPE) described by Havell and Vilcek (1972) was used to
measure the interferon produced by the FS-4 cells. The samples
ware assayed in duplicate using 96-well microplates. One-tenth
ml of medium (DME supplemented with 2% FCS) was added to each
well. Serial two-fold dilutions of prediluted samples were
performed in each row of twelve wells. To each well 5 x 104 FS-4
cells in 10041 of growth medium were added. The plates were then
incubated for 24 hr at 37°C before cells were challenged with
10,000 PFU of VSV (Indiana strain) per well. The plates were
further incubated for 48 to 72 hr until the control wells, to
which no interferon was added, showed total cell destruction.

The plates were scored microscopically and the highest dilution
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of the sample showing 50% destruction of cells was considered the
endpoint. An internal standard calibrated against the Interna-
tional standards G023-901-527 and G023-902-527 (obtained from
National Institutes of Health, Bethesda, MD) was included with

each assay.
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RESULTS AND DISCUSSION

CHAPTER 1. MODELLING OF CELL GROWTH AND IMPROVEMENT OF

MULTIPLICATION RATIO

1.1 A MECHANISTIC ANALYSIS OF TFE T'* _JLUM REQUIREMENT

1.1.1 EFFECT OF INOCULUM CELL CONCENTRATION

To study the effect of inoculum, FS-4 cells were inoculated
"at different con;entrations into cultures containing 5 g/1 of
microcarriers. The results are shown in Figure 1-1. At this
microcarrier concentration, the maximum extent of growth
attainable was 1.2 x 10° cells/ml. This was achieved when an
inoculum concentration higher than 3 x 105 cells/ml was used.
Decreasing the inoculum cell concentration to 2 x 105 cells/ml
resulted in a decrease in the final growth extent. Further
reduction to 1 x 105 cells/ml resulted in drastic reduction of
both growth rate and extent of growth. Thus only three- to
four-fold increases in cell number could be achieved in batch

culture of FS-4 cells on microcarriers when a sufficiently high

inoculum was used to achieve maximum growth extent. This is
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Figure 1-1. Effect of Inoculum Concentration on the Growth of
FS-4 Cells on Microcarriers.

Microcarrier concentration was 5 g/l. Cultures were inoculated
at the cell concentrations shown in the figuré. The medium was

DME supplemented with 5% FCS.
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consistent with the findings reported by Giard and Fleischaker
(1980).

Shown in Figure 1-2 are the growth kinetics of FS-4 cells
on Petri dishes at different inoculum concentrations. In
contrast with growth on microcarriers, the growth of FS-4 cells
on Petri dishes was less sensitive to reduction of the inoculum
concentration. Although a multiplication ratio of four was
routinely used for cell maintenance, a fifteen-fold increase in
cell number could be achieved in a batch culture on conventional
plastic surfaces.

It was reported more than two decades ago that the
nutritional requirements for growth at high cell concentration
might be different from those at low cell concentration (Eagle
and Piez, 1962). It was noted that at. high cell concentrations,
the growth of cells did not require the addition of serine,
asparagine, cystine, glutamine, homocystine, inositol and
pyruvate, while at low cell concentrations, these nutrients
became essential. Factors produced by cells in mass cell culture
which are essential for the growth of the same cell type at low
inoculum concentration or for the growth of a second cell type
were called conditioning factors. The medium in which cell
growth had occurred was called conditioned medium. In
another earlier finding, Puck and Marcus (1955) showed that a
layer (feeder layer) of irradiated, nondividing but still
metabolically-active HeLa cells could provide the conditioning
factor(s) required for the formation of colonies by the HeLa

cells even though inoculated at a very low cell concentration.
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